We demonstrate a two-photon transition of rubidium (Rb) atoms from the ground state (5S 1/2 ) to the excited state (4D 5/2 ), using a home-built ytterbium (Yb)-doped fiber amplifier at 1033 nm. This is the first demonstration of an atomic frequency reference at 1033 nm as well as of a one-colour two-photon transition for the above energy levels. A simple optical setup is presented for the two-photon transition fluorescence spectroscopy, which is useful for frequency stabilization for a broad class of lasers. This spectroscopy has potential applications in the fiber laser industry as a frequency reference, particularly for the Yb-doped fiber lasers. This two-photon transition also has applications in atomic physics as a background-free high-resolution atom detection and for quantum communication, which is outlined in this article.
Introduction
Fiber lasers operating in the range of 1000 to 1200 nm offer both very good energy efficiency as well as the ability to generate high powers. Additionally, such lasers may also be created with extremely narrow line-widths. These sources are already in use for several applications, including photochemistry, medicine, and communications. At this wavelength band, 1000 to 1200 nm, there are few atomic or molecular frequency references available for wavelength stabilization [1] .
We demonstrate the use of rubidium (Rb) as a frequency reference at 1033 nm, exploiting the 5S 1/2 to 4D 5/2 two-photon transition. This transition can be driven by Yb-doped fiber lasers or amplifiers, and appears to be a suitable atomic frequency reference for such light sources.
In the field of atomic physics, a fiber laser of 1033 nm wavelength off resonant to the Rb 5S 1/2 to 4D 5/2 two-photon transition could be useful for constructing optical lattices and dipole traps, due to its high power and frequency stability. The on resonant beam to the above two-photon transition would be useful for highly localized and non-linear excitation of the atoms. This would allow the high-resolution imaging of Rb atoms to be carried out. It would also be useful for the background free detection of atoms [2] using single colour or multi-colour two-photon transition or by ladder excitations.
This two-photon transition has applications in precision spectroscopy as it is possible to eliminate the Doppler broadening (first-order), which is around one hundred to one thousand times the natural linewidth [3, 4] .
Finally, this transition also has applications in the fields of quantum information and quantum communications [5] , which we describe in a later section of this article.
Two-photon transition probability for rubidium
For a two-photon transition, the atom from the ground state (g) is excited to the excited state (e) by absorbing simultaneously two photons with equal angular frequencies ω, where, (E e − E g ) = 2 ω. During the two-photon excitation the real intermediate state (r) is not populated. The first two-photon absorption in the optical domain was observed by Abela [6] in cesium (Cs) vapour. Using a thermally tuned ruby laser, by absorption of two photons at 653.55 nm, the transition between the 6S 1/2 ground state to the 9D 3/2 excited state of Cs was investigated. The detection scheme was quite straightforward. The photon spontaneously emitted from the excited state (e), decays via the real intermediate state (r). The spontaneously emitted photons have different wavelengths than the excitation photons. By collecting those spontaneously emitted photons, the two-photon transition spectroscopy is observed.
We categorise the two-photon transitions of rubidium (Rb) with respect to the 5P 3 Fig. 1(b) . We shall refer these two-photon transitions as red-detuned two-photon transitions through out this article.
The Doppler-free (1st order) two-photon transition probability is calculated using a second order perturbation theory by G. Grynberg and B. Cagnac [7] . Using their method the two-photon transition probabilities for the blue-detuned and the red-detuned two-photon transitions for Rb atoms, are calculated and tabulated in Table 1 . 
Experimental Setup
A home built fiber laser amplifier is used to excite atoms from both 5S 1/2 to 4D 5/2 and 5S 1/2 to 4D 3/2 transitions using a ytterbium-doped silica fiber. Ytterbium-doped silica fiber has a very broad absorption spectrum from 800 nm to 1064 nm and emission bands from 970 nm to 1200 nm. It offers a very efficient operation with narrow linewidth and convenient means of amplification, as an amplifier, of a particular wavelength in the emission band assisted with a wide variety of pump lasers. A Toptica DL 100 ECDL is used as a seed laser, with tuning wavelength ranging from 980 to 1075 nm. The grating is tuned to the wavelength at 1033.3 nm. The output power of the seed laser is around 50 mW with a typical mode-hop free tuning range of around 10 GHz. Current and temperature tuning of the diode laser provides further control of the output wavelength. The shape of the beam emitted from the seed laser diode is modified from elliptical to circular using a cylindrical lens pair. The beam then passes through two optical isolators, each providing 35 dB isolation. Then, the beam is coupled to a polarization-maintaining (PM) optical fiber to seed the fiber amplifier. It is essential to have both the optical isolators, in order to prevent any optical feedback to the laser diode coming from the fiber amplifier, in this case via the seed fiber as shown in Fig Fig. 2 . At the top, the layout of the seed laser setup. At the bottom right, the layout of the fiber amplifier is shown. At the bottom left the spectroscopy setup is shown. PD: photodetector; λ/n: λ/n wave plate; f: focal length of lens in mm; OI: optical isolator; PBS: polarization beam splitter; FC: fiber coupler, FP: Fabry-Perot, WDM: wavelength-division multiplexer, AOM: acusto-optical modulator; EOM: electro-optical modulator; PMT: photomultiplier tube, Filter: 780 nm interference filter. Thick arrows signify higher power.
Fiber amplifier
A ytterbium-doped silica fiber is used in order to amplify the laser power. The fiber is a core pumped, non-PM, and single mode (Liekki YB1200-4/125). It can generate a moderate power of 250 mW, which is sufficient for our spectroscopy power requirements. Ytterbium-doped silica fiber is a good candidate [8] for amplifying lasers in the range of 1000-1100 nm with ours being at 1033.3 nm. The fiber amplifier is seeded with 15 mW power through a optical fiber, called the seed fiber. The ytterbium-doped silica fiber is pumped with a strong 400 mW pump beam of 980 nm (3S Photonics, 1999HPM). This amplification process is done using a wavelength-division multiplexer (WDM) by mixing the counter-propagation pump and seed beams as shown in the Fig. 2 fiber amplifier setup. The pump laser (980 nm), marked with blue arrow, get absorbed in the ytterbium-doped fiber. The seed light (1033.3 nm), marked with the red arrows, enters the ytterbium-doped fibre from the opposite end of the pump beam. The seed power of 15 mW is amplified to around 250 mW, measured at the output of the WDM. This amplified beam is then sent to the spectroscopy setup via an optical isolator and a PM optical fibre.
Fluorescence spectroscopy
In the spectroscopy setup frequency modulation is applied to the light via an Electro-OpticModulator (EOM), Photonics EOM-01-12.5-V, with a resonance frequency of 12.5 MHz. By sending sufficient radio-frequency (rf) power through the EOM, detectable sidebands are generated around the main signal. The sidebands are used as a frequency marker, to measure the hyperfine splitting (HFS) in the excited state as discussed in Section 4. An AOM, (AA Opto-Electronic MT110-A1-IR), +1 order, is driven by 110 MHz rf source to deflect the laser beam, shifting the frequency of the light by 2×110 MHz for the retro-reflected beam. This prevents unwanted feedback in to the fiber amplifier [9] .
The σ + and σ + polarization configuration is used for the retro-reflected beams of the spectroscopy to maximise the signal strength [10] . The beam is turned into σ + , by using a λ/2 WP, a PBS, and a λ/4 WP. A laser power of around 140 mW enters in the rubidium cell. The beam is focused on a narrow spot (diameter 30-50 µm) inside the cell using a pair of collimating lenses of focal length 100 mm. These focal lengths are selected to fit the beam around the dimension of the Rb cell. Reflection from a mirror provides the required counter-propagating laser beam. The two beams are carefully aligned to overlap inside the Rb cell.
The Rb spectroscopy cell is kept at a constant temperature of approximately 130 • C by wrapping a heating tape around it. Fine tuning of the laser wavelength is done to match the two-photon transition to generate the fluorescence signal. The signal is then collected onto a photo-multiplier tube (PMT), Hamamatsu H10722-01, using a pair of 50 mm focal length lenses. A 780 nm interference filter is used to reduce interference from scattered light. One part of the collected signal on photomultiplier tube is used to generate an error signal for locking the laser. The other part is used to record the signal for analysis. The setup is used to detect near infrared fluorescence at 780.2 nm from the 4D 5/2 to 5S 1/2 or the 4D 3/2 to 5S 1/2 transition via 5P 3/2 cascade decay as shown in Fig. 1(b) . As represented by the dotted line shown in Fig. 2 , the Rb cell is surrounded by a metal enclosure. Two small holes provide access and exits for the incident and retro-reflected laser beams. This helps to block stray light from the room thereby reducing the background noise. A part of the retro-reflected beam, reflected by the PBS, is collected on a photodetector and a optical wavemeter for monitoring power and laser wavelength respectively.
Spectroscopy Result
The rubidium vapour cell contains both the species 85 and 87, thus both the 87 Rb and 85 Rb, 5S 1/2 to 4D 5/2 two-photon transitions are observed and the hyperfine splittings are measured. An extensive study of the Rb HFS is provided here [11] . The hyperfine energy splitting occurs from the coupling of the total electron angular momentum J with the total nuclear angular momentum I. The hyperfine interaction is represented by the Hamiltonian,
where, A is the magnetic dipole HFS constant, B is the electric quadrupole HFS constant, I and J are the nuclear spin and the total electron angular momentum quantum numbers respectively. The hyperfine energy splittings for both 87 Rb and 85 Rb are shown in the Fig. 3 and in the case of two-photon transition, the allowed transitions are ∆F = 0, ±1, ±2. By scanning the frequency of the seed laser, we record the two-photon transition signal by collecting fluorescence photons at 780.2 nm, as shown in the Fig. 1(b) .
Using a 12.5 MHz EOM, sidebands are generated around the main transition signals as shown in Fig. 4 , e.g., for 87 Rb, 5S 1/2 , F=2 to 4D 5/2 hyperfine transitions. These sidebands provide a frequency reference for measuring the unknown hyperfine splittings. We fit the experimental data with the Lorentzian multipeak fit routines to determine the centers of spectroscopy peaks. Around 100 spectra are used for the fitting to minimize the statistical error. Using this procedure, the hyperfine splittings are measured for both the 87 Rb and 85 Rb, 5S 1/2 to 4D 5/2 two-photon transitions and the findings are provided below in the Fig. 5 . The error bars provided with the HFS values are coming from the fitting routine.
The error signal of the 87 Rb, F=2 to F =4, 3, 2, 1 two-photon transitions are obtained by frequency modulation (FM) fluorescence spectroscopy as shown in Fig. 6 . We have found that it is possible to lock the laser at most of the hyperfine transitions.
Discussion
The hyperfine splittings measured in this experiment are consistent with the measurements by Lee et al. [12] , Wang et al. [13] and recently even more precisely by Lee et al. [14] . However, compared to those measurements, which require multiple laser wavelengths to execute, our technique is simpler requiring only one laser leading to a one-colour two-photon transition. Another striking difference is that we do not perform any ladder like excitations for the Rb 5S 1/2 to 4D 5/2 two-photon transition.
The higher error readings in the HFS measurements (Fig. 5 ), compared to the other measurements [12] [13] [14] , arise due to the fact that our assumption of linear frequency scaling with laser PZT scan voltage is not a perfect approximation. The Doppler-free fluorescence spectroscopy in this experiment could be improved by using magnetic shielding, using more laser power and isolating the spectroscopy system from mechanical and acoustic perturbations. This two-photon transition not only provides a frequency reference for Yb-doped fiber laser as well as it has various possible applications in the atomic physics experiments. We briefly describe the possible applications below.
High-resolution imaging and selective excitation using two-photon excitation
In the two-photon transition, the excitation probability is proportional to the square of the intensity as shown in the the article by G. Grynberg and B. Cagnac [7] . Therefore, the fluorescence emission is localized to the Rayleigh volume of a focused dipole trap beam, while depleting fluorescence from other parts of the excitation beam as shown in Fig. 7 .
The non-linear excitation beats the diffraction limit and provides high-resolution detection. Exploiting this phenomenon, we can also selectively excite few atoms in the cloud for probing and manipulation as the atoms will maximally interact at the focal point of the excitation beam. It is also possible to detect a single atom using this non-linear excitation and the detailed discussion is provided in the thesis [15] . Fig . 7 . The two-photon excitation, using a focused dipole trap beam, where the excitation is localized to the Rayleigh volume, deactivating the fluorescence from the other part of the dipole beam. This non-linear imaging of atoms, beats the diffraction limit and provides high-resolution. The two-photon emission probability (blue) and single photon emission probability (red) along: (a) the axial and (b) the radial directions are plotted. The theoretical plots, for a 3 µm spot size, show that using the two-photon transition scheme, which is proportional to the square of the intensity, it is possible to achieve higher resolution.
5.2.
Creation of a dipole trap using an off-resonant laser ( 1033 nm) to the Rb 5S 1/2 to 4D 5/2 two-photon transition
For a Gaussian beam propagating in free space, the spot size w(z) will have a minimum value w 0 at one place along the beam axis, known as the beam waist. At a distance z, for a beam of wavelength λ, along the beam from the beam waist, the variation of the spot size is given by,
where, z R = (πw 2 0 )/λ is called the Rayleigh range/length. For a focused beam, at a distance equal to the Rayleigh range (z R ) from the waist, the width w of the beam is given by w(±z R ) = √ 2w 0 . For a red-detuned dipole trap (w.r.t. Rb cooling transition) with a focused 1033 nm laser, 1 mK trap depth is achievable with a moderate power of 300 mW (1200 mW) and a beam waist of 5 µm (10 µm). The scattering rate and the Stark shift is calculated to be 9 photons/sec and 23 MHz respectively. It would be possible to excite selectively small fraction of the atoms in a dipole trap, using two-photon excitation, without perturbing others.
Application towards the quantum optics and communication
Another application of our work would be in the field of quantum optics and communication. Using this two-photon transition in Rb, it would be possible to generate time correlated and entangled photon pairs, which are important for the applications in quantum information and communication [16, 17] .
The photon pairs generated from the two steps cascade decay from the 4D 5/2 to 5P 3/2 at wavelength 1.5 µm and from 5P 3/2 to 5S 1/2 at 780 nm should be correlated in time as shown in the Fig. 1(b) . The top photon of the cascade (1.5 µm) is suitable for long distance quantum communication whereas the bottom photon of the cascade (780 nm) can be used for mapping long lived quantum memory [5] . As this one-colour two-photon transition is a Doppler-free process, the generated photons will therefore be narrowband. The narrow bandwidth of photons is perquisite for efficient atom-photon interaction [5, 16] .
A single laser can be employed to excite the 5S 1/2 to 4D 5/2 transition for two-photon excitation, instead of two different lasers required for the ladder excitation. All the laser wavelengths are far away from each other, so, the emitted photons would be easily separable from each other using optical filters as well as from the two-photon excitation light. This will also help to considerably reduce the number of background photons polluting the collection modes.
Conclusion
In this article an atomic frequency reference at 1033 nm, using a rubidium two-photon transition is demonstrated. This would be useful in industry and photonics community as a frequency reference for Yb-doped fibre lasers. We have also presented a first ever demonstration of a one-colour two-photon transition of the Rb 5S 1/2 to 4D 5/2 . A feasibility study of this two-photon transition in atomic physics experiments are also discussed. This finding has wide ranging potential applications in background-free high-resolution imaging of Rb atoms even single atoms, in quantum optics and communication.
